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High-precision measurements of the proton radius from laser spectroscopy of muonic hydrogen
demonstrated up to six standard deviations smaller values than obtained from electron-proton
scattering and hydrogen spectroscopy. The status of this discrepancy, which is known as the
“proton radius puzzle” will be discussed in this paper, complemented with the new insights
obtained from spectroscopy of muonic deuterium.
1 The muonic hydrogen 2S-2P experiment
At the Paul Scherrer Institute (PSI), Switzerland, we performed laser spectroscopy of the 2S-
2P transition in muonic hydrogen (µp), an atom formed by a negative muon and a proton,
with 10 ppm accuracy.1,2 A 6σ discrepancy corresponding to 4 transition linewidths has been
observed between the measured 2S-2P resonance frequency and its prediction computed in the
framework of bound-state quantum electrodynamics (QED). This prediction requires the knowl-
edge of fundamental constants such as the fine-structure constant, the electron mass, the muon
mass etc, but also the proton charge radius Rp. Because bound-state QED is well established,
this discrepancy pointed the attention to Rp which is by far the least well-known of the needed
fundamental constants.3
The principle of the experiment is as follows: a negative low-energy (1 keV) muon beam is
stopped in a low-pressure hydrogen gas target (1 mbar, 300 K) whereby µp in a highly excited
state is formed. About 1% of the formed µp atoms end-up in the 2S-state which is metastable
(with a lifetime of 1 µs at 1 mbar H2 gas pressure
4) and thus amenable to laser spectroscopy.
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Figure 1 – Proton charge radius from muonic hydrogen (red), hydrogen spectroscopy (blue) and electron-proton
scattering (green). The CODATA value accounts for e-p scattering, H and deuterium (D) spectroscopy but does
not consider the muonic results.
With a delay of about 1 µs after formation, the muonic atom is illuminated by a laser pulse
at a wavelength of 6.0 µm. On resonance, the laser light induces the 2S→2P transition. The
2P state decays immediately to the ground state emitting a 2 keV X-ray. The number of these
laser-induced X-rays as a function of the laser frequency is used to reveal the 2S-2P resonance.
A fit of the resonance with a line shape model which accounts for the energy fluctuations of
the laser pulses has been used to deduce the 2S-2P transition frequency with a relative accuracy
of 1× 10−5 (corresponding to Γ/30, where Γ ≈ 20 GHz is the FWHM of the transition). From
the laser frequency measured in Hz, the transition energy in meV can be obtained using the
conversion factor h/e which is known with 9 significant digits.3 The obtained experimental value
has been compared with the theoretical predictions5
Eµp(2S − 2P ) = 206.0336(15) meV − 5.2275(10) meV/fm2 ×R2p + 0.0332(20) meV (1)
and a proton radius of Rp = 0.84087(39) fm has been extracted.
The first term of Eq. 1 accounts for several bound-state QED contributions (radiative, re-
coils, binding and relativistic corrections), the second takes into account the shift of the energy
levels caused by the finite size of the proton, and the third – called the two-photon exchange
contribution (TPE) – is related with the proton polarizability. The finite-size effect arises from
the reduced Coulomb attraction when the orbiting particle is inside the extended proton. It
scales as R2p and depends linearly on the overlap between the orbiting particle wave function
and the nucleus which is proportional to m3r , where mr is the reduced mass of the bound system.
Because the muon mass is 200 times larger than the electron mass, the finite-size contribution
in muonic atoms is enhanced by about 2003, enabling a precise determination of Rp from laser
spectroscopy of muonic hydrogen.
2 The proton radius puzzle
There are now three methods to measure Rp. The CODATA-2014 world average
3 of Rp includes
elastic scattering of electrons off protons (e− p)6 and high-precision continuous-wave laser spec-
troscopy of hydrogen (H).7,8 The accuracy of Rp extracted from µp surpasses the accuracies
obtained from the two other methods by an order of magnitude. Yet, as visible in Fig. 1, a large
discrepancy exists between the muonic results and the other determinations. The status of this
discrepancy, which is known as the “proton radius puzzle”,9–11 will be discussed here.
2.1 Correctness of the muonic hydrogen experiment?
Due to the m3r scaling, the finite-size effect in µp is strongly enhanced, while typical atomic
physics systematics (e.g. the Zeeman effect) scaling as m−1r are suppressed. Other systematic
effects such as the static and dynamic Stark effects, quantum interference,12 pressure shift etc,
are also strongly suppressed because of the large separation between muonic energy levels. The
hypothesis of having performed spectroscopy of µpe ions as suggested in13 has been discarded
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Figure 2 – Most important contributions (blue) and their uncertainty (red) to the muonic hydrogen 2S-2P energy
levels (absolute values). Also the discrepancy (green) and the experimental accuracy are shown.
based on the measured rates and line-shapes in the muonic experiments. In addition, many-body
calculations14,15 concluded that these molecular-ion states do not exist.
So µp turns out to be very sensitive to Rp, but insensitive to possible systematic effects.
The challenge in the µp experiment was to develop suitable experimental techniques and to
find the resonances. Indeed, the rate of 6 events/h observed on resonance made the search
and thereafter the scanning of the 2S-2P resonances time consuming. Eventually, the statistical
uncertainty limited the total experimental accuracy making the muonic results less prone to
systematic results. In this context, note that the uncertainties of the theoretical prediction and
experiment limits in almost equal parts the extraction of Rp (see also Fig. 2).
2.2 Correctness of the hydrogen spectroscopy?
The description of the energy levels in atomic H requires the knowledge of R∞, Rp and other
fundamental constants. In principle to deduce both R∞ and Rp only two measurements in H
are sufficient as these other fundamental constants can be deduced with sufficient accuracy from
independent experiments.3 As “first” transition usually the 1S-2S transition is used, being by far
the most accurate one (relative accuracy of 4×10−15) and having the largest sensitivity to Rp.16
As “second” transitions, usually the 2S-n`, with n` = 4S, 8S, 8D, 12D, etc. are considered.17
These latter transitions have been measured with relative accuracies in the 10−11 region and are
limiting the Rp extraction.
8
It turns out, that the value extracted by pairing the 1S-2S and the 2S-8D transitions is
showing a 3σ deviation from µp while all the others differ only by .2σ.9,18 A 4σ discrepancy
between Rp from µp and H spectroscopy alone emerges only after averaging all measurements
in H.3 Therefore, a small systematic effect in these “second” transition measurements could be
sufficient to explain the discrepancy. Such a systematic effect would amount to only a tiny
fraction of 10−3 of the line width. New measurements of R∞ are urgently needed and underway
in hydrogen atoms19–22 and molecules/molecular ions,23–26 in He+27–32 and in positronium.33
2.3 Correctness of the muonic hydrogen theory?
To extract Rp from the measurement in µp we used the prediction of Eq. 1.
5 The most important
contributions underlying this equation34–37 are shown in Fig. 2 together with their uncertainties.
The largest contribution is given by the one-loop electron vacuum polarization, the second largest
by the finite-size contribution. All other contributions are thus smaller than the effect we aim to
measure. The third largest contribution is given by the two-loop electron vacuum polarization
3
followed by the one-loop muon self-energy and muon vacuum polarization. As the discrepancy
itself is larger than any other contribution, it is highly improbable that the discrepancy can be
ascribed to an erroneously computed or missing higher-order contribution in µp.
Even though the TPE contribution is smaller than the discrepancy (see Fig. 2), it has
attracted a large interest because it can not be simply computed using proton form factors.
It was reckoned that the uncertainty related with this hadronic contribution and its difficult
modeling could bear the solution to the proton radius puzzle.38 Two approaches are used to
compute this challenging contribution. The first and most precise is an empirical approach
based on dispersion relations and measured structure functions of the proton,39 the second is
based on chiral perturbation theory (χPT).40 In the dispersive approach a subtraction term41,42
is needed to cancel a divergence which requires some modeling of the proton. This modeling
and its uncertainty was the center of a debate.43,44 Ultimately, the more recent modelings show
that the uncertainty of the subtraction term is much smaller than the discrepancy.11,41,42 The
reliability of the TPE prediction has been also strongly supported by the fact that the two
approaches – the dispersive one and χPT based one – give consistent results. Thus, both the
purely bound-state QED part (first term in Eq. 1) and the TPE contribution (third term in
Eq. 1) used to extract Rp from µp are sound and have been confirmed by various groups.
34–37
2.4 Correctness of electron proton scattering?
The proton charge radius is defined as the derivative of the Sachs electric form factor GE versus
the four-momentum Q2 exchanged
R2p = −6
dGE(Q
2)
dQ2
∣∣∣
Q2=0
. (2)
This covariant definition has been applied consistently in the description of the atomic energy
levels and the electron scattering processes.45
Because the form factor GE can be measured only down to a minimal Q
2, a fit with an
extrapolation to Q2 = 0 is needed to deduce Rp. Fit functions given by truncated general
series expansions such as Taylor, Pade´, splines and polynomials have been used:6,46,47 some
authors additionally enforcing analyticity and coefficients with perturbative scaling,48,49 some
others constraining the low Q2 behavior of the form factor, others using vector meson dominance
models.50,51 In Ref.6 the large-r behavior of the charge distribution has been modeled by the
least-bound Fock component of the proton formed by the pion bound to a neutron (pi+n), while
in52 the higher moments of the Taylor expansion were fixed using the higher moments of the
charge distributions predicted from χPT.
In Fig. 3 the most recent Rp determinations are given: some compatible with µp,
50,51,53,54
and some at variance.6,46,48,55 The more traditional analyses6,46,48,55 obtain Rp values system-
atically larger than obtained by other authors that restricted their fits to very low Q2 and used
low-order power series. Possible issues of fits restricted to very low Q2 have been demonstrated
by analyzing pseudo-data generated with known Rp.
56,57
Because data at lower Q2 would facilitate the extrapolation to Q2 = 0, two electron-proton
scattering experiments have been initiated: one by the PRad collaboration at JLAB,58 the other
at MAMI Mainz,59 both aiming at Q2min ≈ 2× 10−4 GeV2/c2. To reach the lower Q2, the PRad
collaboration uses of a windowless H target and a novel non-magnetic calorimeter, the Mainz
collaboration utilized initial state radiation. The PRad collaboration is currently analyzing the
high-quality data collected in 2016.60 A pilot measurement was accomplished in Mainz in 2013
demonstrating the feasibility to extract form factors at very low Q2 using initial state radiation.59
In future, a windowless hypersonic jet target is expected to reduce background arising from the
target walls and will eventually yield a competitive Rp value.
The measurement of Rp using elastic muon-proton scattering at low Q
2 has been proposed by
the MUSE collaboration at PSI.61 More precisely, they plan to measure µ−-p, µ+-p, e+-p, and
4
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Figure 3 – Proton radius from muonic hydrogen (red), hydrogen spectroscopy (blue) and electron-proton scattering
(green). The CODATA value does not account for the muonic results.
e−-p scattering. Despite the challenges of performing such an experiment at a secondary beam
line with large phase-space and particle contamination, the measurement of the cross sections
of these four channels with the same setup and beam line has two advantages. Each individual
scattering process can be used to deduce Rp. However, muon-electron universality can be best
addressed by considering the ratio between µ+-p and e+-p cross sections. Common systematic
effects such as efficiencies, acceptances and extrapolation issues are partially canceling out in the
ratio. The TPE contribution on the other hand can be measured by comparing the scattering
of µ+-p with µ−-p or e+-p with e−-p.
2.5 Beyond standard model explanations
Several beyond standard model (BSM) extensions have been proposed but their majority have
difficulties to resolve the discrepancy without conflicting with low energy constraints. Still some
BSM theories able to solve the proton radius puzzle have been formulated.62–64 However, to avoid
conflicts with other observations, these models require fine-tuning (e.g. cancellation between
axial and vector components), and coupling preferentially to muons and protons. Moreover
they are problematic to be merged in a gauge-invariant way into the standard model.63,64
Other possibilities have been articulated but without clear impact on the proton radius
resolution. Examples are breakdown of the perturbative approach in the electron-proton inter-
action at short distances,65 the interaction with sea µ+µ− and e+e− pairs,66,67 the breakdown of
Lorentz invariance,68 the breakdown of the Lamb shift expansion due to non-smooth form fac-
tors,69 higher-dimensional gravity,70 and renormalization group effects for effective particles.71
2.6 Muonic deuterium
Measurements in muonic deuterium (µd) have recently provided new insights. The deuteron
charge radius Rd can be obtained from the measurements
72 using the prediction73
Eµd(2S − 2P ) = 228.7766(10) meV − 6.1103(3) meV/fm2 ×R2d + 1.7096(200) meV. (3)
Relative to µp, the finite-size effect and the TPE contribution in µd are increased by a factor
of 7 and 50, respectively. Computation of the TPE has been greatly improved recently, using
two different techniques: ab-initio few-nucleon calculations based on modern expressions of
the nuclear potential74,75 and the phenomenological approach based on dispersion relations.76
Nevertheless, given its size and hadronic nature, the TPE contribution is still the contribution
having by far the largest uncertainty.
The Rd value extracted from µd spectroscopy is given in red in Fig. 4. Its error bar is
dominated by the uncertainty of the TPE prediction, while the purely QED and experimental
5
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Figure 4 – Deuteron charge radii as obtained from µd spectroscopy (red), by combining µp spectroscopy and
the H-D iso-shift measurement (brown), from electron scattering (green) and only D spectroscopy (blue). The
CODATA value does not account for the muonic results but considers both proton and deuteron data. From.72
uncertainties are negligible. This value is in fair agreement with the value given in brown
extracted by pairing Rp from µp with the difference R
2
d − R2p obtained from the measurement
of the isotopic shift of the 1S-2S transition in H and D:2,77
H-D isotopic-shift: R2d −R2p = 3.82007(65) fm2
µp : Rp = 0.84087(39) fm
}
⇒ Rd = 2.12771(22) fm . (4)
This agreement demonstrates the consistency of the muonic results, in particular with the 1S-
2S isotopic shift, which is a reliable quantity. The 2.6σ difference could be attributed to an
incomplete treatment of the TPE contribution, or to BSM physics. In fact, a hypothetical
BSM force carrier explaining the proton radius puzzle that does not couple to neutrons62 could
produce a shift of the µd 2S-2P splitting by the observed 0.4 meV (obtained by scaling the
0.3 meV discrepancy in µp by reduced mass effects), explaining both muonic radii.
The Rd from µd deviates by 6σ from the Rd CODATA value. The latter is however tightly
linked to the proton radius by the H-D isotopic-shift. The blue point in Fig. 4 is obtained from D
spectroscopy alone,8 and displays a 3.5σ discrepancy to the µd value. Therefore we are facing a
double discrepancy: one in the proton, the other in the deuteron. Unfortunately, the value from
electron-deuteron scattering, though known with a relative accuracy of 0.5%, is not sufficiently
accurate to distinguish between Rd from D and µd.
A common solution of the atomic part of these two discrepancies could be obtained either
by changing R∞ by 6σ or the bound-state QED theory in H/D by 50σ, or by BSM physics with
preferential coupling to protons and muons.
Note that the reasoning leading to Eq. 4 can be inverted yielding a proton radius from Rd
value from µd, see Fig. 3, purple point. This confirms the small proton radius.
3 Conclusions
The proton radius puzzle which to date is still unsolved has motivated refinements of bound-state
QED calculations, of theories describing the low-energy structure of the proton78 and deuteron,
and analysis of electron scattering data. The bound-state QED predictions agree between sev-
eral authors, while the Rp extraction from electron scattering remains a controversial subject.
Advances in the understanding of the proton structure through the TPE, and the extrapolation
to Q2 = 0, represent an interesting platform to test the description of analogous processes as
neutrino scattering, fundamental for the long baseline neutrino program.11 Interestingly, this
advances could affect also the description of the photon parton distribution of the proton, whose
knowledge has become important for a range of physics studies at the Large Hadron Collider.79
Rapid progress has been observed and is expected in the near future in lattice QCD which offers
an alternative route to the proton form factors.80,81 Also novel methods to access the radii
on lattice avoiding the form factors and its extrapolation to Q2 = 0 are very promising.82 The
proton radius puzzle has prompted as well several BSM extensions studies. Only few predictions
are able to evade the various existing constraints at the price of introducing targeted coupling,
6
fine tuning etc. BSM extension could become much more natural if the Rp values from the
atomic systems would agree and be smaller than the value from electron scattering. Recently,
µd spectroscopy has confirmed the small value of Rp as extracted from µp. New insight from
muonic helium spectroscopy, whose data analysis is being concluded promises further insight.83
Still new experimental effort in both the atomic and electron scattering sectors which are com-
ing online are needed to shed light onto this puzzle. This includes also the measurement of the
ground state hyperfine splitting in µp which is our next experimental step.
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